Abstract
Introduction
Examining the bonding of Alkaline earth sulfides molecules has been of both experimental and theoretical interest because of their promising variety of scientific areas including catalysis, biochemistry, material science [1] [2], astrophysical applications [3] [4] and its significant role in the electronic transition chemical laser [5] - [7] . Barium sulfide BaS is one of the Alkaline earth sulfides that have been first obtained in 17 th century by the re-duction of the powder of barite BaSO 4 with charcoal at high temperature [8] . Recently metal sulfide nanomaterials have attracted great attention because of their excellent properties and promising applications in electronic, optical and optoelectronic devices. Well-aligned nanostructure arrays on substrates are highly attractive for their enhanced properties and novel applications. The rotational transitions of the main barium sulfide isotope have been recorded by Tiemann et al. [9] . In order to obtain the dipole moment for this molecule Melendres et al. [10] accomplished radio frequency Stark measurements of the J = 1 rotational level. The absorption band system of the molecule BaS has been determined by Clements and Barrow [11] . Helms et al. [12] measured the millimeter-wave spectra of six isotopic species of BaS in the frequency range 55 -339 GHz which allows the determination of Dunham coefficients. Additional measurements of the pure rotational spectrum of BaS in the range 358 -394 GHz were recorded [13] . Recently, Janczyk and Ziurys performed a pure rotational study of BaS in the frequency range of 355 -396 GHz [13] . High resolution laser excitation spectra of the A 1 Π -X 1 Σ + and a 3 Π -X 1 Σ + electronic transitions in the 12,100 -12,765 cm −1 spectral region were reported [14] . Rotational analysis of the electronic transitions B 1 Σ + -X 1 S + has been done with the calculation of the molecular constants for each state. It was noticeably difficult to determine those constants for the electronic state A 1 Σ + , as it showed numerous perturbations [15] . The absence of theoretical calculation of higher excited states of the molecule BaS stimulate us to investigate, in the present work, more extensive ab initio calculation of barium sulfides molecule. Based on our previous theoretical calculations [16] - [24] , the potential energy curves and spectroscopic constants of the low lying 12 singlet, and triplet electronic states have been calculated where 9 electronic states have been investigated here for the first time. The transition energy with respect to the minimum energy for the ground state T e , the equilibrium internuclear distance R e , the harmonic frequency ω e , the rotational constant B e , and the permanent dipole moment have been calculated for the considered electronic states of this molecule. Taking advantage of the electronic structure of the investigated electronic states of the molecule BaS and by using the canonical functions approach [25] - [27] , the eigenvalue E v , the rotational constant B v , and the abscissas of the turning points R min and R max have been calculated for several vibrational levels of the considered electronic states.
Method of Calculations
In the present work we investigated the low-lying singlet and triplet electronic states of the molecule BaS using complete active space self-consistent field (CASSCF) procedure followed by a multireference configuration interaction (MRCI with Davidson correction) treatment for the electron correlation and Rayleigh-Schrödinger Perturbation Theory (RSPT2-RS2). The entire CASSCF configuration space was used as the reference in the MRCI calculations, which were done via the computational chemistry program MOLPRO [28] taking advantage of the graphical user interface GABEDIT [29] . The Barium species is treated as a system of 56 electrons by using the ECP46MWB basis set for s, p, and d functions (with 46 core electrons). The 16 electrons of the sulfide atom are considered using the Rydberg5 basis set for s, p and d functions. Among the 26 electrons explicitly considered for BaS (10 electrons for Ba and 16 for S) 22 inner electrons were frozen in subsequent calculations so that four valence electrons were explicitly treated, corresponding to 16 active orbitals. All computations were performed in the C 2v symmetry.
Results and Discussion
The potential energy curves (PECs) for the 12 singlet and triplet electronic states, in the representation
s ± + Λ , of the molecule BaS were generated using the MRCI for 105 internuclear distances calculations in the range 1.9092Ǻ ≤ Re ≤ 4.9992Ǻ (Figure 1, Figure 2) ). By fitting the calculated energy values of the different investigated electronic states, into a polynomial in R around the internuclear distance at equilibrium R e , the harmonic vibrational frequencies ω e , the relative energy separations T e , and the rotational constants B e have been calculated. These values with the available data in literature are given in Table 1 .
One can notice the small difference between the values of T e for the higher singlet and triplet electronic states. In literature there are fragmented experimental data for 3 lowest electronic states. By using the RSPT2-RS2 method we found that the ground state is ( 
Dipole Moment
The static dipole moment is a fundamental electrostatic property of a neutral molecule, its importance lying in the description of numerous physical phenomena. The expectation value of this operator is sensitive to the nature of the least energetic and most chemically relevant valence electrons. The calculated values of the dipole moments for the considered lowest-lying electronic states are plotted in term of the internuclear distance R in Figure 3 , Figure 4 . In our calculation we considered the Ba atom at the origin. Since the dipole moment have negative sign for the considered states where R ≥ 2.0592Å the dipole moment vector are directed from S to Ba atom. 
Vibration-Rotation Calculation
The vibrational calculation of a diatomic molecule is a promising approach for realizing a quantum computer. The vibrational states of these molecules represent the qubits and tailored the femtosecond laser pulses to implement quantum gate operations [30] . These vibrational states of molecules are stable over the time scales of interest, therefore the number of qubits is not limited to ten and by using more vibrational states, it may be possible to represent quantum information units having more than two states |0>, |1>, |2>, |3>··· [31] . This vibrational state approach has a number of qubits proportional to the number of vibrational degrees of freedom and more qubits can be realized using a N-atom molecule. Using the canonical functions approach [25] ( ) ( ) ( )
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where R(r) = 1/r 2 , Equation (1) represents the pure vibrational Schrödinger equation and the remaining equations are the pure rotational Schrödinger equations. Once e 0 = E v is calculated, e 1 = B v , e 2 = D v , ⋅⋅⋅ can be obtained by using alternatively Equations (2-n). By using the cubic spline interpolation between each two consecutive points of the potential energy curves obtained from the ab initio calculation the abscissas of the turning points R min and R max have been calculated ( 
Conclusion
In the present work, an ab initio calculation of 12 singlet and triplet lowest electronic states in the 2s+1 Λ ± representation has been performed via CASSCF/MRCI methods. The potential energy curves have been calculated along with the spectroscopic constants T e , R e , B e , and ω e for these states and the static dipole moment μ. In literature there is a limited number of data for the investigated values either theoretically or experimentally. The comparison of our calculated values with either the theoretical or the experimental data available in the literature demonstrated an overall good agreement. Nine new electronic states have been investigated here for the first time. The investigated data in the present work may help for more experimental or theoretical studies in the future for higher electronic states. 
